Background-Treatment delays in patients with ST-segment-elevation myocardial infarction (STEMI) transferred for primary percutaneous coronary intervention (PCI) may decrease the advantage of this strategy over on-site fibrinolytic therapy that has been demonstrated in recent clinical trials. Accordingly, we sought to describe patterns of times to treatment in patients undergoing interhospital transfer for primary PCI in the United States. Methods and Results-We analyzed patients with STEMI undergoing interhospital transfer for primary PCI between January 1999 and December 2002 in the National Registry of Myocardial Infarction. The primary outcome was "total" door-to-balloon time measured from time of arrival at the initial hospital to time of balloon inflation at the PCI hospital. Multivariable hierarchical models were used to assess the relationship of total door-to-balloon time with patient and hospital characteristics. Among 4278 patients transferred for primary PCI at 419 hospitals, the median total door-to-balloon time was 180 minutes, with only 4.2% of patients treated within 90 minutes, the benchmark recommended by national quality guidelines. Comorbid conditions, absence of chest pain, delayed presentation after symptom onset, less specific ECG findings, and hospital presentation during off-hours were associated with longer total door-to-balloon times. Patients at teaching hospitals in rural areas also had significantly longer times to treatment. Conclusions-Total door-to-balloon times for transfer patients undergoing primary PCI in the United States rarely achieve guideline-recommended benchmarks, and current decision making should take these times into account. For the full benefits of primary PCI to be realized in transfer patients, improved systems are urgently needed to minimize total door-to-balloon times. (Circulation. 2005;111:761-767.)
P rimary percutaneous coronary angioplasty (PCI) is superior to fibrinolytic therapy as a reperfusion strategy in ST-segment-elevation myocardial infarction (STEMI) when performed expeditiously and expertly at high-volume PCI hospitals. [1] [2] [3] Compared with fibrinolytic therapy, primary PCI results in higher infarcted-artery patency and lower rates of reinfarction, stroke, and death. 1, 2, 4 However, PCI programs currently are available in fewer than 25% of acute-care hospitals in the United States. 5 Physicians at hospitals without PCI capability therefore have 2 treatment options for patients with STEMI: rapid patient transfer to a hospital with primary PCI capability or on-site fibrinolytic therapy.
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Results from 5 randomized, clinical trials suggest that the advantage of primary PCI can be extended to patients transferred from referral hospitals. 6 -10 A quantitative review of these studies suggested that for every 100 patients treated, interhospital transfer for primary PCI, instead of on-site fibrinolytic therapy, prevented 7 major adverse cardiac events, defined as the combination of death, nonfatal reinfarction, and nonfatal stroke. 11 Importantly, average time from randomization at the initial hospital to first balloon inflation at the PCI hospital was relatively short-approximately 90 minutes-in the 4 trials that were performed in European countries with highly organized national emer-gency medical systems. 6, 7, 9, 10 In the only trial to include PCI hospitals in the United States, time from randomization to first balloon inflation was 120 minutes. 8 Rapid and complete restoration of coronary artery blood flow and myocardial perfusion is the mechanism by which reperfusion therapy reduces morbidity and mortality in STEMI. Longer times to treatment are inversely related to outcome with both fibrinolytic therapy 12, 13 and PCI. 14 -16 Current guidelines for STEMI recommend a door-to-needle time within 30 minutes for fibrinolytic therapy and a doorto-balloon time within 90 minutes for primary PCI as treatment goals. 17, 18 Door-to-balloon times Ͼ1 hour beyond the anticipated door-to-needle time with fibrinolytic therapy may diminish the mortality benefit associated with primary PCI. 19 Thus, excessive delays associated with interhospital transfer for primary PCI in the real-world setting may reduce the advantage of PCI noted in randomized, clinical trials, in which patients were carefully selected for enrollment and delays in initiating treatment were minimized.
The purpose of this investigation was to describe patterns of time to treatment in patients undergoing interhospital transfer for primary PCI in the United States and to identify patient and hospital characteristics associated with longer times. In addition, we evaluated whether longer interhospital transfer times were associated with shorter times to treatment at the PCI hospital, which would suggest early mobilization of the cardiac catheterization team. We used data from the National Registry of Myocardial Infarction (NRMI)-3 and -4 cohorts for this analysis.
Methods

Study Population
We included patients in the NRMI-3 and -4 cohorts admitted between January 1, 1999, and December 31, 2002 . This registry represents an ongoing observational study of patients with acute myocardial infarction admitted to participating hospitals in the United States. Details of NRMI hospitals, cohorts, and data collection methods have been described elsewhere. 20, 21 In brief, the NRMI protocol specifies that all consecutive patients with the diagnosis of acute myocardial infarction are enrolled at participating hospitals. Cases are typically screened for the International Classification of Diseases, 9th Revision, Clinical Modification discharge diagnosis code of 410.X1. Myocardial infarction is then confirmed on the basis of a suggestive patient history and one or more of the following criteria: (1) cardiac biomarker (eg, creatine kinase MB or troponin) elevation; (2) ECG evidence; and (3) scintigraphic, echocardiographic, or autopsy evidence.
Although NRMI does not perform on-site monitoring of data collection, routine queries are sent to local research coordinators for clarification of data inconsistencies. The internal validity of prior collections of NRMI data has been established through a comparison with the Cooperative Cardiovascular Project. 22 Institutional review board approval was obtained at participating centers if required by the hospital.
We limited our analysis to patients (1) with symptoms of STEMI within 12 hours of presentation, (2) with associated ST-segment elevation in 2 or more leads or left bundle-branch block on their first ECG, and (3) who were transferred from an acute-care hospital and underwent primary PCI. Patients who received any fibrinolytic therapy, either at the initial hospital or en route to the referral hospital, were excluded from this analysis. After excluding 653 patients with missing or inconsistent data on the timeline of events, our study population consisted of 4278 patients at 419 PCI hospitals.
We also performed a subgroup analysis for 3641 patients (85.1% of the total cohort) with no contraindication for fibrinolytic therapy.
Clinical Data and Outcome Measures
Patient records included data on demographics (eg, age, sex, and insurance status), cardiovascular risk factors (eg, history of hypertension, diabetes mellitus, hyperlipidemia, and smoking) and other comorbidities (eg, history of myocardial infarction, coronary artery bypass graft surgery or PCI, chronic renal insufficiency, and stroke). Clinical data were also available on presenting characteristics such as chest pain, symptoms of congestive heart failure, systolic blood pressure and pulse, and specific time and day of arrival at the initial hospital. Available data from the first ECG included location of myocardial infarction, the number of leads with ST-segment elevation and depression, nonspecific ST-segment or T-wave changes, and bundle-branch block patterns.
PCI hospital characteristics were also available from NRMI and supplemented with data from a 2000 American Hospital Association survey. 5 Hospital information included data on annual primary PCI volume, percentage of patients with reperfusion who received PCI, teaching status, open-heart surgery capabilities, urban or rural location, nonprofit status, and geographic region. Rural facilities were defined as those in counties with a population Ͻ50 000.
For included patients, the complete timeline consisted of (1) time of symptom onset, (2) time of arrival at the initial hospital, (3) time of arrival at the referral hospital, and (4) time of first balloon inflation during primary PCI. Our primary end point was "total" door-to-balloon time measured from the time of arrival at the initial hospital to time of the first balloon inflation at the referral hospital. We also evaluated 2 other outcome measures: (1) door-to-door time (ie, time of arrival at the initial hospital to time of arrival at the referral hospital) and (2) PCI hospital door-to-balloon time (ie, time of arrival at the referral hospital to time of the first balloon inflation at the referral hospital).
Statistical Analyses
Bivariate analyses were performed to evaluate differences in baseline patient and hospital characteristics across different time categories for total door-to-balloon time with the following cutoffs: Ͻ2 hours, 2 to 4 hours, and Ͼ4 hours. These cutoffs were chosen a priori on the basis of a literature review and preliminary data exploration of time-related variables. ANOVA tests were used to evaluate differences in continuous variables, and 2 tests were used for categorical variables.
Multivariable hierarchical models were used to assess the relationship of total door-to-balloon, door-to-door, and PCI hospital door-to-balloon times with patient and hospital characteristics. Failing to account for clustering of outcomes at the hospital level may overestimate the significance of statistical associations. At the same time, hospitals enter and leave enrollment at different times in NRMI during the 4-year study period, so it is also true that outcomes are correlated within reporting study periods. Although several methods exist to account for clustering of outcomes within hospitals, multivariable hierarchical models allowed us to account for clustering within both hospitals and reporting study periods. Before the multivariable analysis, all time-related variables were transformed logarithmically because of their skewed distributions. Parameter estimates and confidence intervals (CIs) were then retransformed into their natural units before reporting by the use of standard simulation techniques. 23 Finally, we sought to evaluate whether PCI hospital door-toballoon times decreased as door-to-door times increased because of prehospital mobilization of the PCI hospital's cardiac catheterization laboratory. To examine this issue, we calculated the Pearson correlation coefficient between logarithmic transformations of the 2 components of total door-to-balloon time: (1) door-to-door time and (2) PCI hospital door-to-balloon time. We used SAS version 8.2 (SAS Institute Inc) and Stata SE version 8.0 (Stata Corp) for all analyses.
Results
We identified 4278 transfer patients with STEMI who underwent primary PCI at 419 hospitals. Tables 1 and 2 display baseline characteristics for the transfer patients and PCI hospitals. Chest pain was noted at presentation in Ͼ90% of patients, and few patients were in cardiogenic shock. Initial ECGs showed at least 3 leads with ST-segment elevation in more than 80% of patients. Half of the patients presented within 2 hours of symptom onset, and only one third arrived on weekdays between 8 AM and 4 PM. Most PCI hospitals were urban, teaching, not-for-profit centers with annual primary PCI volumes of Ͻ20 cases.
The median time from the initial hospital arrival to the first balloon inflation at the PCI hospital (ie, total door-to-balloon time) was 180 minutes. The median door-to-door time was 120 minutes, and the median PCI hospital door-to-balloon time was 53 minutes. Total door-to-balloon time was Ͻ2 hours in 16.2%, between 2 and 4 hours in 55.4%, and Ͼ4 hours in 28.4% of patients. Only 4.2% had total door-toballoon times within 90 minutes. The Figure displays the distribution of total door-to-balloon, door-to-door, and PCI hospital door-to-balloon times within the study cohort. Distribution of total door-to-balloon time, door-to-door time, and PCI hospital door-to-balloon time in transfer patients.
Several patient characteristics were associated with total door-to-balloon time in unadjusted analyses (Table 3) . Compared with those with total door-to-balloon times of Ͻ2 hours, patients with times Ͼ4 hours were more often older, female, and nonwhite; owned less commercial insurance; and in general had more complex medical conditions (eg, a higher incidence of diabetes, hypertension, and prior bypass surgery). These patients were also less likely to have chest pain or hemodynamic stability on presentation. More often, the initial ECGs showed less lead involvement (ie, only 2 leads with ST-segment elevation) or left bundle-branch block. Patients with total door-to-balloon times Ͼ4 hours also presented much later after symptom onset and more often on weekends during off-hours.
PCI hospitals that were nonteaching, located in urban areas, and had a not-for-profit status tended to have a greater percentage of their patients undergo primary PCI with total door-to-balloon times of Ͻ2 hours (Table 3 ). In contrast, facilities with an annual primary PCI volume of Ͻ20 or those that used primary PCI as a reperfusion strategy in Ͻ20% of their STEMI patients had a greater percentage of cases with total door-to-balloon times Ͼ4 hours. Table 4 displays patient and hospital characteristics associated with substantial variations in total door-to-balloon time after multivariable adjustment. Although comorbid conditions (eg, diabetes mellitus) increased the total door-toballoon time slightly, the absence of chest pain, prolonged symptom duration before presentation, and an off-hours time of arrival at the initial hospital (ie, 12 midnight to 7:59 AM) were all associated with substantial increases in total doorto-balloon times. In contrast, more extensive ECG findings were associated with much shorter total door-to-balloon times. Hospital characteristics associated with total door-toballoon time included facility location and teaching status. After adjustment for patient and presenting characteristics, for example, the mean door-to-balloon time for an urban, nonteaching hospital was 181 minutes (95% CI, 173 to 188 minutes) in comparison with 249 minutes (95% CI, 207 to 290 minutes) for a rural, teaching hospital. Similar findings were seen for the multivariable analyses of door-to-door time, with some notable exceptions. Small but significantly longer door-to-door times were noted in female (ϩ6.2 minutes; 95% CI, 2.5 to 10.4 minutes; Pϭ0.001) and nonwhite (ϩ6.3 minutes; 95% CI, 0.8 to 12.1 minutes; Pϭ0.024) patients. Also, prior bypass graft surgery was not significantly associated with door-to-door time (ϩ3.8 minutes; 95% CI, Ϫ3.7 to 11.6 minutes; Pϭ0.33). Limiting our study population to those patients with no contraindication to fibrinolytic therapy did not alter our overall results.
Finally, we found a positive correlation between logarithmic transformations of the 2 components of total door-toballoon time: door-to-door and PCI hospital door-to-balloon times (correlation coefficient, 0.25; PϽ0.001). This suggests that longer door-to-door times were not associated with shorter PCI hospital door-to-balloon times. Rather, each additional 30-minute increase in door-to-door time was associated with a small but significant increase in PCI hospital door-to-balloon time (ϩ2.7 minutes; 95% CI, 2.1 to 3.0 minutes; PϽ0.001).
Discussion
Our analysis found that the median total door-to-balloon time for transfer patients in the United States undergoing primary PCI was 180 minutes, with Ϸ4% treated within 90 minutes and 15% treated within 120 minutes. These results reveal an important discrepancy between the performance of primary PCI in transfer patients within a real-world setting and the strategy tested in recent randomized, clinical trials. Also, when interpreted within the context of national quality guidelines-which have recently reduced the treatment goal for primary PCI from a door-to-balloon time within 120 minutes to within 90 minutes-these results suggest that transfer for primary PCI in the United States is presently failing to achieve established benchmarks in the majority of STEMI patients. 17, 18 Hospitals without PCI capability that are planning to use a transfer strategy for STEMI patients need to be aware of their own total door-to-balloon times and to incorporate this information into clinical decision making when selecting between reperfusion strategies.
In addition, our analysis identified several patient and hospital characteristics that were associated with prolonga- tions in times to treatment in transfer patients. As expected, several of these factors are similar to those previously associated with longer times to reperfusion in nontransfer STEMI patients receiving fibrinolytic therapy or primary PCI. 24, 25 Such characteristics represent a number of organizational barriers (ie, delays in triage, evaluation and diagnosis; limited staffing during off-hours) that continue to hinder efforts to minimize times to treatment in all STEMI patients. We also found that patients transferred to teaching hospitals in rural areas had substantially longer total door-toballoon times-in fact, Ͼ1 hour longer-when compared with patients transferred to urban, nonteaching hospitals. It may be that in this latter situation, physical barriers such as geographic distance make it difficult for rural facilities to achieve rapid times to treatment without a substantial investment of resources. On-site fibrinolytic therapy may be a very reasonable, next-best option for reperfusion therapy under these circumstances.
Although our analysis challenges the overall generalizability of results from recent randomized, clinical trials, it should be noted that Ϸ15% of transfer patients in NRMI did have a total door-to-balloon time within 2 hours. Recently, the Minneapolis Heart Institute has initiated a hospital transfer network for STEMI, drawing on the experiences from European hospitals and the trauma center network that exists in the United States. 26 These investigators have reported median total door-to-balloon times between 90 and 100 minutes and door-to-door times of 70 minutes for transfer patients with STEMI. These results suggest that attention to logistical details and reengineering of process-of-care systems could make transfer for primary PCI a realistic strategy for some regions of the United States.
In addition to reducing door-to-door times, Larson and colleagues 26 have shown the importance of lowering PCI hospital door-to-balloon times by implementing strategies such as early activation of the PCI team and direct transfer of patients to the catheterization laboratory (as opposed to emergency department-to-emergency department transfers). If these latter strategies were more widely used, it would be expected that longer door-to-door times would be associated with shorter PCI hospital door-to-balloon times. However, this finding was not seen in our analysis and suggests a potentially important area for quality improvement in transfer patients with STEMI.
Finally, it is important to note that under certain circumstances, transfer may remain the best option for reperfusion even when prolonged times to treatment are anticipated. Primary PCI is recommended for patients who are ineligible for fibrinolytic therapy or are in cardiogenic shock. 17, 27, 28 Regardless of physician treatment preferences or hospital location, it is becoming increasingly evident that regional and national strategies for triaging patients with STEMI need to be established in the United States. This is an especially important public health priority, given the gaps that currently exist for both pharmacological and PCI evidence-based treatment strategies. 29 -32 These issues must be balanced by the fact that fibrinolytic therapy remains a reasonable option for many patients with STEMI. In fact, the benefits associated with transfer in the randomized, clinical trials were primarily related to reductions in recurrent myocardial infarction. These benefits are likely to be reduced in a real-word setting, where high rates of early cardiac catheterization are to be expected in patients with STEMI after fibrinolytic therapy. Additional trials that are currently underway are evaluating "pharamcoinvasive therapy" as a strategy for combining fibrinolytic therapy and PCI in STEMI, and their results may have direct implications for transfer patients.
Our analysis should be interpreted in the context of the following study design issues. First, this was an observational study of voluntarily reported data from participating hospitals. Although NRMI hospitals do include a wide variety of acute-care hospitals (1 in 4 hospitals in the United States contributed to NRMI-4), these centers generally tend to be larger and more specialized than nonparticipating hospitals, 21 but very few performed large volumes of primary PCI, with only 17.4% reporting Ͼ40 cases per year to NRMI. Longer door-to-balloon times may be due to the inclusion of these relatively inexperienced centers. Second, transfer patients in NRMI represent a select group of patients who were chosen for transfer and may not be representative of all patients eligible for reperfusion therapy or transfer. Third, we did not report on the association between total door-to-balloon time and in-hospital death, because NRMI collects minimal baseline data on patients from the first hospital. Nevertheless, there is strong and consistent evidence linking increases in door-to-balloon time to higher mortality with primary PCI. 15, 16 Finally, door-to-balloon and door-to-door times aggregate several distinct decision-making points in the care of patients with STEMI: presentation to ECG, ECG to treatment decision, treatment decision to transfer initiation, and transport time. We were unable to assess the significance of these individual components in our analysis.
Primary PCI for transfer patients in the United States is frequently associated with total door-to-balloon times of 90 minutes or more, which are far longer than the times to treatment reported in recent randomized, clinical trials. This delay may affect the overall efficacy of primary PCI when compared with on-site fibrinolytic therapy and should be considered in the clinical decision-making process when selecting between the 2 reperfusion strategies. As the momentum for primary PCI grows in the United States, improved process-of-care systems are urgently needed to minimize times to treatment in transfer patients.
